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FLIGHT INVESTIGATION OF A MECHANICAL FEEL DEVICE LPJAN IRREVERSIBLE ELEVATOR
CONTROL SYSTEM OF A MRGE AIRPLANE ‘

By B. POETEBBEOWN,R.OBEBTG. CEILTON,and J.4MESB. I’i’mm.N

SUhIMARY

!Tle longdudind ,Wabilityand controlcharacteri.sttisof a large
airplane hare been measured m.th a mechanicalfeel deuice in
combination with a boaster incorporated in the elecutor-contro.l
.Yydteln. Te#t8 were made to inre8tigate the fea~”bility of
eliminating the aerodynamic control forces through use of a
boostir and of prooiding controLfeeiforce8 mechanically. The
feel dmice contited of a centering 8pring which restrained the
control 8tick througha linkage whirh w changedas afunction
of the dynamic pres8ure. Pro&ions were madefor trimming
andfor manual aujutment OJtheforce gradient. The &yxtem
UXMdem”gnedto approm”matethe control-force charaAeri8tic8
thatwould re8ultwith a conventionalelemtor control with linear
hinge-mometi characteristic.

During the test~, the orer-all performance of the feel dehice
mm 8atisfactoy. The control efort of the pilot was completely
dependent upon the feel-deLice 8etting, but the dick$red
stabiiity uw not appreciably affec!ed by the derice. The 8tick-
tid churacteri8tic8of the airplane without the feel derice,
howecer, were satigfactoy. The original cunrentional control
.y8tena of the ted airplane exhibited certain undesirabk stick-
force charmh=idics which rewdted from nonliwar hinge-
moment wiation8 which mere improced or correctedby thefeel
deriee. Z$e feel deeice prorided smoother bnding8 with .le88
pilot e~ort and improred the 8tick-force chara-cteristicain
maneurer8.

The manual aajudment cm the feel dmice UU8 used to
incestigaie the desirable limits of force per g for bomber air-
piane8. The resuh of these tests cor$rmed preriuu8 te8ts
u~hichwere the ti,for the military requirement onforce per g.

INTRODUCTION

Large control forces and control forces with unsatisfactory
variations have bwome a great problem in airplane design
because of the growing size and weight of aircraft and the
increasing ffight speeds. One method by which these large
forces can be reduced is through the use of a booster+ontrol
system, and there is a trend toward the use of these systems
in presenkday airplanes.

When boosters are used, pilo~’s ccntrol forces can be prc-
vided by two distinct methods. In one method, a given
percentage of the aerodynamic @e moment on the cent.rcd
surface is fed back to the piIot’s stick. This method has been
investigated and is reported in reference 1. In the other

met hod, the booster eliminates the aerodynamic-force feed-
baek and the stick forces are created mechanically. This
method is advant ageoos w-hen the aerodynamic hinge-
moment variations are unsatkfactory.

A flight investigation of a mechanical feel device in com-
bination w-ith a booster imtalIed in a bomber airplane has
been made at the Langley Laboratory to gain experience
with this type of control system and to determine the design
features that shotdd be incorporated in such feel devices in
order to obtain satisfactory handling qualities. The tests
also provided more evidence on which to base requirements
for ccntrd forces for Iarge bomber airplanes. Results of this
investigation are presented herein.

SYMBOLS

C@
&
&

3,
8t
b.
?=
!2

F
F,
H.

angIe of attack of tail, degrees —
elevator deflection, degrees
rate of change of control deflection, degrees per

second
control-stick deflection, degre&
trim-tab deflection, degrees
elevator span, feet
elevator rcohmean-square chord, feet
dynamic pressure, pounds per square foot or inches

of water
force supplied by torsion bar, pounds
stick force, pounds
total elevator hinge moment, foot-pounds

—

Hc. hinge-mom
()

ent coefficient -
qfr,c,= —

bc,
ch=,=~

ach
C.,,==

~c: .

e,~*=T&

a;.
ch,t=~

a torque-arm length, feet
x linear displacement of point A in feeI system (see

fig. 1), feet

Y linear displacemerh of point B in feel system (see
fig. 1), feet

d angular displacement of torsion bar, radians -
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1. cxhmsion of push rod (for trimming), feeL :
K, spring constant of torsion bar, foobpounds per

radian
K, gearing constan~ reIating z to 6,, feet per degree
T<3 variation of torque-arm length with q, pounds
K, variation of 1with 6(, feet per degree
h’, variation of control-stick position with e.lcvator

deflection .-
~a _K1;& . . ...

~ _K,K;
7_— .s

Ka
K, variation of 66 with q for steady flight, degrees

pounds’ per square foot
K* variation of a~ with q for steady- flight, degrees

pounds per square foot
K,, variation of stick force with hinge moment, pounds

per foot~pound
K,, =K10K8Cb6,b,?82

K12=K1JIech=rb,?,~

K18=K10C~6,bez,z .

K,, gearing constant relating Fi with F
1{1,=K1J<6K8
A’,6=A’14K7

DESCRIPTION OF APPARATUS

THEOItETICAL DESIGN PRINCIPLE

Tl~c basic purpose in the design of the feel device was to
produce a mechanical arrangement which would provide
forc[’s [M \vould vary with indicated airspeed, control
position, and trim-device setting in a“manner similar to the
form variation in a satisfactory couveutiomd aemdynamic-
con trol syst cm. Such a variation was achieved by the use
of a ccntwing spring which was geared to the control stick
through a variablo linkage. Figure 1 shows a draw~u
which embodies the principles of the twt feel clevice.
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F mum l.-Schenint1o drawing of feel deviee. XI la thespring emskmt of the kmlon k.

The similarity bet.wetm the forces of t.ho mechrmimd
system and the aerodynamic system can bcsL be ihsLI’uled
by compming W ftictms which make up the stick forces in
both systems. In the conventional elevator system with
a trim tab, the moment equation from which the stick force
arises can be written as foIlows:

H= ISJ?~daqW2-I- a~k=rqbez,z+a,ck~,qhezt (1)

The terhis C& , Ch
%

, and d~~ arc assurncd t.oicmai[l- constant

throughout. tl;c speed range.’
With the aid of figure 1, the. force providc(l by th{! feel

device can be expressed m foIIows:

~_K1e_— .,. *
a

but, since 0=$ y=x+l, and x=h’g~,,

I/=Kz68+l

~_K,8,+l_— -—
a

and
~=K, I<&,-!-l— —.—— —... . ..— .—

(7’

A mechanism was added to the feel dc~ice to nmkc a
vary as a function of the dynamic pressure.

and if 68= K56.
F= Ar06,q+K$,q

This eqllation has the same form m

J–—. .—.. ,.— —

(2)

t.haLfor the con-
ventional - clcvatar control excepL for the abscncc of the
angleaf-at.ttick term in the fcc+devicc formula. A turn]
simulating this effect., however, could cmily bc included
through the usc of a bobweight on thg stick.

In order to compare the force -rarititiort with SIMM m
provided by euch syskm in straighL flight., the expressions
in both cases are simplifiwl still further by the thmretical

K, K,
relationshil)s 68=— and a==— as follows: For the

!f ~
aerodynamic system, let

F8=h71Jl
then,

F,=Kll+Ku+Kla6tq

For the feel. device,’let
F,=K~4F

then,
F,= Kl,+K1~ ~

(3)

(4)
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The final equations for both cases can be expressed graphi-
iwlly as shown in figure 2. The first two terms in the
wrodynamic equation (equation (3)) provide a constant
force and the third term adds to this constant force a force
that varies in proportion to dynamic pressure.

In the case of the ftel device (equation (4)), only one
tw-m pro-i-ides the initial constant force to whkh is added a
f{}rm that also varies as a function of dynamic pressure.
.4s previously stated, an effect similar to that of the second
tt’rm in equation (3] can be provided in equation (4] by the
use of a bol.nveight on the contrcd stick.

GENERAL OPERATION

The location of the mechanical feeI device in the airplanp
is shown ti f@e ~. A sernischemat ic scale drav@ showing
the operating component of the device in more detail is
pwsented as figure 4. A toqion bar, -which acts as the
wntt~ring spring, is connected by a linkage s-ystem to the
rotltro] column and supplies a force gradient with control-
st icli displacement. Force-gmdient variation with ~ynamic
pressure is achieved by varying the length of the torque arm
M a function of the dynamic pressure. At any position of
thv control column the restraining force may be trimmed to
mm by means of an electrical trim motor. The him motor
drives a worm gem- locat d. in the linkage system to permit
udoading of the torsion bar by extending or shortening one
of the push rods. .4 means for vaqring the magnitude of
the force gradient to correspond to different effective mdues
of elevator hing~mom.ent parameter ~h, is provided in the

<Iesign of the bell crank. The value ;f Ckt, is varied by

rhmuging the mechanical advantage between th~ control
stick and the torsion bar. This principle is the same as
thtit upon which the dynamic-pressure system operates with
the except ion that the Iink which varies ChJ is manually

controllable. When the adjustable ball-crank &m is rotated
rlorkwise, the force gradient is dimhished by the greater
mechanical advantage of the st icli over the torsion bar.

Figure 5 shows a schematic dra-r@ of the airspeed-
sensing sys~em for establishing the length of the torque arm
as a function of the dynamic pressure. For the sake of
chwity, the position of the device was drawn to represent a
higkspeerl condition. In this system, a total-pressure tube
is connected to the bellows shown in the figure. An increase
in preksure expands the MIows and rotates the contact
urm about point A in a counterclockwise direction. This
rotation closes the lower set. of contacts which operates the
viectrical actuator in a manner to move the roller cIoser to
the torsion bar. This operatioh increases the force gradient
bmmse of the shorter torque-arm length. The ensuing
motion of the rdlw-, however, rotates the cam about point B
in a clockwise direction and increases the tension in the
spring connecting the cam to the contact arm. When the
rolIer est ablishes the correct torque-arm length corresponding
to the new airsped, sufficient tension has been buflt up in
the spring by the cam motion to return the contact arm to
its neutraI position. A decrease in pressure reverses the

MECHANCAL FEEI.I DIWICE

operation and the roller is moved
to a new equilibrium position.

921

away from the torsion bm

The damper shown in figures 3 and 4 was included in the . ..
system to simulate aerodynamic damping. In a conven- ––
tional control system, the .aerodynamic damping -@es
dmtly with speed. In the feeldevice system there were
only two methods by w~lch damping could be included
con-renientl~-. Pltic-hg a damper on the control stick yould

-——

have provided damping independent of airspeed. Placi~—
“a damper on the arm connected to the torsion bar would
allow the damping to vary as the square of the airspeed.
The Iat ter method of applying damping vias employed ___
because this method was belie~ed to approximate more
closeIy the aerodynamic conditions.

The countem-eight, shown in figure 4, was for the purpose
of static mass baIance. It should be notcxl here that tk - –
tibsence of the counterweight. would not result in a pure
bobweight effect because the infiuence of the weight of the
feeI device on the stick forces viouId be dependent upon
airspeed.

DEWGS CHARACTERISTICS

The torsion bar which supplied the force gradient was
made up of hvo tubes, one inside of the other, welded together

‘-”aas’ld term
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‘ ---Rst term I’k
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(a) Aerodyn.wmksystea eqmtton (3).
(b) FLWIdmlce,equation (4).

FIGUEE 2—TheoretIeaI variafbm ofsttek fmve with atmped @ra eonmntlotiaerodtimrc
control system and 6 k14Wce system.
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at one end. The other end of the larger tul.m was securely
fastened toa rigid frame. The free end of the smakr tube
was connected to the torque arm. CarefuI at tenLion was
given to mounting the torsion bar on the frame and also
to the connection between the bar m-id torque arm in order
to eliminate as much lost motian as possible. It is already
known that excessive lost motion or backlash is a potential
source of serious objections to mechanical feeI systems.

The track in which the roUer (fig. 5) moved was a circndar
wc. The arc prevented any deflection of the torsion bar
when the roHer was moved by a change in airspeed. Although
extremely long torque-arm lengths are required at low speeds
and extremely short lengths are required at wry lIiglL speeds,
the ac,tuaI travel of the roller was restricted, The restrictions
were necessary to avoid nordinearit,iea with large torque-arm
lengths and to avoid back-lash dit%cultics and high loads at
short torque-arm lengths. Stops were placed “on the torque
arm at a low-speed position corresponding to about 80 miles
pm hour and a higbpccd position corresponding to 335
miles pm hour.

In the positioning system; which is sensitive to airspeed,
the cam design determines the relationship between the
dynamic pressure and the force gradicnti The cam shape
used in the teat feel dcvico was designed to make the force
gradient vary dircctIy with the dcynamic pressure.
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When the speed was changed, Lhc time required for t.hc
electrical actuator Lo reach m~~inlurn velocity was approx-
imatdy %seeond. During operation at ita ma..imum veIociLy,
the actuator changed the torque-arm hmgth at a rate of
about M inch per second. This rate of chtmgc metms that,
at low speeds, the actuator would follow an airphtnc longi-
tudinal acceleration of abou L 1.Og without introducing any
lag in the system. At l@er speeds t.lw actuator would
follow even Iarger accelerations. This rate was sufficient to
compensate for any change in speed of the tit uirplano ovrr
the entire speed range. Figure 6 prcwnts a ground calibra-
tion whioh shows the relationship IMwetm the torquo-arrn
length and ca.Iibratod airspeed. AL the lowapced cnd of
the curve the figure showa that the. torqtfc arm lLu~ reachwl
its stop and was constant for airspeeds below about 80 miles
per hour. Similarly, abovo 335 mile9 per hour, the ot.hcr
stop was reached and the torque arm was ~~ain oonata nt
for higher airspeeds, This curve shows the speed range over
which the feel device provided the variation of force gmdirnt
with dynamic pressure. Below or above the limiting sped
range the force gradient would be indepwdcnL uf dynamic
pressure. Figure 6 also shows that at tqqmoximatcIy SO
miles per hour a dead spot of ubout 15 mih pcr hour wm
present. This dead spot was caused by the rlearancc hc-
twccn the points of the reversing switches which operated
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FmuF.E 3.-DruwlnE showing refaUve ammgement of fed devlc? and baoster in test 81rplane.
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the actuator. At the high+peed end this dead spot is
scarceIy detectalJe Mause, although a given change in
dynamic pressure at low speeds results in a rather Imge
change @ airspeed, the same dynamic-pressure increment
nt h“gh speeds results in a relatively smalI airspeed change.
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The behavior of the contact mm (fig. 5) and the position of
the roller (fig. 5) were recorded during the tests. & previ- _ _
ousIy expIained, the contact arm should be in neutraI position
Then the roller is no t moving. Airplane vibrations, howeverz-..——
caused the contact arm to oscillate about its neutral position
so that it- alternately opened and cIosed the contacts at a high

—...-

frequenq. This chatter in the switches tended to produce
arcing across the points but it. also reduced the dead spot
previously- discussed. The arcing across the points can be
reduced by using a recti6er in the circuit. Figure 7 presents
a typical flight record of the contact-arm behavior and the
roller position. During the first part of the record, the rolIer
position vms constant and the chatter in t.lie contacts is
“clearIy shown near the top of the record. The rolIer position
was not influenced by this chatter because the actuator could.
not respond to the high frequency of the chatter. The small
osdations shown in the roller-position trace were caused by ‘-
vibration of the recording element and do not signify motion
of the roller. The chattering stops near the middle of the
test record because the contact arm has now been moved by
a slight increase in dynamic pressure. & the dynamic
pressure continues to increase, the contact arm moves sufli- .
ciently to take up the cIearw.me between the contacts and the
actuator moves the rolIer.

It can be seen from the mechanics of the system that- a
failure in the follow-up system, such as loss of dynamic pres-
sure, will not resuU in a complete Ioss of feeI forces. If such
a failure occurred, the actuator would move the roIIer back
to the Iow-speed stop and wotdd reduce the feeI forces but
wotdd not completely eliminate them.
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In general, the ail%pwhstmsing system used in the tcsL fuel
(Icvicc provided excellent speed-foHowing chract.erist its,
T1]P (Ievica would follow a speed change of about 20 miles
pw hour per second. Such accurate speed following may
not. be essential for rtccep table opcrat ion.

Figure 8 presents the ground calibmtion of the feel device
in tlw form of pilot’s stick fore.c pm degree of stick movement
agtiinst calibrated airspmd. The device couId bc adjusted
mtmually to prmtisie. any forcr gradient between the A and C
wtt.ing represented on the figure. The equivalent. (?*J range,

#
derived from thr previously mentioned calibration, is also
prrwentetl in. figure 8. The dcvico was designed so that
Ch$ would bc independtmt of airspeed W, in spi Le of efforts

#

10 st.iffcn the structure and mounting, flexibility of the frame
ruused variations as shown in figure 8. The flexibility is
1}(’licved ta have entcrwl into the present system chiefly
Iwt.wwm the control stick and the torsion bar (for example,
A’flw’t ion of thr mounting pdnt of the adjustable bell crank).
Flrxibilit,y of this particular type would cause such C*$

variations with spw?d as are” shown in figure 8. In practice:
compw~sation for structural flexibility in the design of the
mm would be possible, In the case of the present M@, the
(it variations with spred obtained in ground tests were

lar~dy compensated for by the stretch in the cabk s~-stem
b(’twern the control stick and elevator. This effect will bc

(Ihcusd in more detaiI subscq uent ly.
A dose inspection of tlw mechanics of the device prmented

ill figure 4 slmws that tlhe rfit.e at which the trim motor elim-
inrt t.cs the stick force associated with a given change in &+

vator deflection depmds on the setting of the adjustable MI

g
=40 -~ I

Feel-deviCe-.
c setgng.
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/
A -- F

x0.- — -
z
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crank. The Iow force-grdienb setting of the Ml crank would
provide the fast~’r Lrimming action. ‘flu rtitc of trimming
with this Iow force-gradient setting, in h’rms of rlrvu~or
movement, uas approximatl*ly %“ per mcond which, in 1111s
pilot’s opinion, was too slow.

INSTALLATION

The feel device was instalh’d in tlw pilot’s sido (left sidv)
of the elevator-control system of the l~omlwr airplmw. As
can be seen in figure 3, the feel device was conncctcd dirwtly
to the pilot’s stick. The device WM lomtcd as C1OSCto th~~
pilot’s stick as possible so that a complicated linkagr systcun
would not be necessary. Care was ttikvn to (Jiminu tv M
much lost motion as possiMe between the pilot’s stick and
the feel device. The Imddash in the system WM about 10
stick deflection. At 200 miles per hour this t-mount of stivk
motion would producr a normal acceleration chungc of about.
O.0L3g. This magnitucIe of backlash wus not. objcctionalk to
the pilot. A detailed cxph-mat.ion of t,hc booster installation
and the safety features provided in the system is given in
reference 1.

The origh~al tmt program cttlhxl for tests of the fwl dmicc
with the hoostcr opwating at infinite boost ratio so as to
allow no amodynamic-force fcedlmck from thu clesa tom.
This test prom-lure obviously would protiuce tlw IJCSLconcli-
t.ions under which the fwl device could IJP judged. Ground
tests, howmwr, hxl to tlw helicf LhaL th~ h~vestigation could

not be made with the booster compl~tely irrevtvsiblc l.xwausc
a high-frequency stick oscilhttion would develop undrr thrsc
conditions when tho stick was dctlwted and rulmscd. This
oscillation, however, could Ix stoppud rasily hy grasping the
control whwl. Figure 9 presents! a ground record of the stick

position Showing the oscillation. The figure shows that the
amplitude actutdly increased during the run. Addit.ionrtl
ground trots showyd that the oscillation was well-dmnpwi
when th~ booster was set on boost ratio 24: Wwforo, tlw
tests were conducted with this setting. “

.
—

b

—
4

—

II—
FIGURE9.—Clround tbne hbtory sbowlng osctlkitlon In mntrol stick rcwltlrrg from lrulrdte

—.
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FKIURE8.—Uround callbmtlon of fwI de~&, boost mt!o.
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!Jigure 10 presents force per g obtained in pull-ups and
push-downs to illustrate hy comparison that a boost ratio of
24 in substitution for infinite boost ratio did not allow, for
practical purposes, any s&lficant. aerodynamic-force feed-
back. l’hew results show that the fliiht data on the feel-
dm-ice characteristics using boost ratio 24 were neither
masked nor influenced by aerod~mamic hige moments. In
the later stuges of the program, however, it was discovered
that. tinite boost ratio did not cause any oscillations in
flight as it did in the ground tests.

1NSTRUMENTATION

Sttmtitird XACA recording instruments were used. The
following talde presents a Iist of these instruments and the
qutint it ies measured:

I
—.

I MessWedCnantity I NACAinstrument

:~ L
Wfek p3Mm..-. . .-------- Control pmfthm l%-

Elwmtor posftlan.. . . . . . . . . . . a
Fe#e;$beEectirc torque

cantil @tIon rerwdsr.
HeetrWJ eontraf pmttfan reemder.

Contact ekmure . . . ..-.. ----— &lenofli
%aster.cent.mkrm p3sMaa... WchsrlM Ixmltrol pnsftmn m

corder.
Srxster qnadrsnt podtbn. . . . . MaanlmI control paskh *

“carder.
CantroI-sUok time. ------------ =~gal ~xb=tir.
MmpeerI . . . . ..----_-—
Xmrne.I acceleration .–--...__ R~m020m~:mfndfcatLug noniwd

Pitch Wlocity - ..-.. -------— Pitch t~eter:
Tme . . . . . . . . . . . -—--——— Timer synchronizing sll records.

l.lurin~ these tests the airspeed was measured by ,means of
t!w service system of the airp~ane. The flush static orifices,
w-hirh m-e located on the sides of the fuselage, -were crdibratecl
for posit ion error through use of a trailing airspeed bomb.
’17w tiirspewl data presented herein huve been corrected and,

g
.

.E

.G
F’)

80

40

0

40

80

Change in normal acce[eruhan, g units

FU;UEI 10.—(“o!rrpmlson of srtck forces and elevator angks far txwst tatln 24 OM fnEnIte
boost ratio.
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tlwrefore, correspond to the reading of a standard indirator
connected to a pitot+tatic tube which is free from ~ositirm

.——...—

error.
TESTS, RESULTS, AND DISCUSSION

._-.._

GEXERAL

Three different. force-gradient settings on the feel devire
were investigated in longitudh~al+tai} i[ity runs both in
steady flight and accelerated flight at approximately 10,000
feet. Comparable tests were aLso made on the airplane con-
figuration (without feel device or booster) in order to provide
a standard by which the feel-device characteristics could be
evaluated. M the tests were made for only tvio airplane
configurate ions: dean normal rated power and landing. These --
configurate ions were chosen because they would provide the
greatest speed and control-force ranges over which to test –
the feel de-rice. Some landings were made to test the flight
operation of the feel device under rapid control movement. -
The speed range cow-red by the tests was from about 300 ~~~
miles per hour down to the stall. The airplane gross weight ‘
was about 110,000 pounds with the center-of-gravity Ioeat ion
at 29 percent of the mean aerodynamic rhord.

OIW phase of the tests consisted in determining -@Mm
the feel device wouId introduce any undesirable oscillatory ‘–” -
characteristics in the control system. The oscillatory charac-
teristics were investigated by means of a series of abrupt ‘
pull-uIx and push-downs, each followed by release of th -”
c&trol stick. These maneuvers were made at 250 mileq per
hour in the clean condition for the airplane viithout the feel
device or booster and for the airplane with each of the three
force-gradient settings of the feel device. Time histories of .,
the pitching vebcity, normal acceleration, airspeed, stick
force, und control position obtained during these maneuvers
are presented in figure 11. A.s shown by the figure no umle-
sirabIe oscillating tendencies deveIoped as a result of the feel
device. The damper on the test fd device provided a damp-
ing force that varied as the square of the airspeed. In terms
of C% , the damping supplied in the dynamie~tability ruris -

previously mentioned varied from about 0.00001 to 0.00002 ‘“
per degree per second depending upon the setting of the Ml-
justable Ml crank. ‘llw values of ~A~ were calculated for

the a“wpeerl (250 miles per hour) at whic~ the runs were rnadti.”
The measured statir longitudinal stabiIity chmacteristic.s

for the airplane without feel de-rice and booster and for the
airplane with the three force-gradient sett-@-s of the feel
device are presented in figure 12 for the airphme in the clean
conditiori and in figure 13 for the landing condition. The-
horizontal axis has been shifted for each force curve “m-:~ie
interest of clarity. Stick force and elevator angle are plottwl
agginst calibrateci airspeed, and stick force divided hi dy-
namic pressure is plotted against airplane normal-force co-
efficient which is based on King m-ea.~ & expertec?, the
st ick-fi.ed cha.ract erist ics were not d twed by the presence
of the feel device. The magnitudes of the stick forces,
however, viere dependent. upon the force-gradient settin~ of
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the feel device, this temlency of slope reversal is considerably
reduced. The instability shown for the airplane without the
feel device or booster was caused mainIy by the ummi.isftw-
tory hinge moments. LSinccthe aerodynamic hinge-monwnt
eflccts were eliminated by the booster, the slight un..tahlu
tendency shown for the feel device was caused by the stick-
fixcd stability. This slight irregularity is not apparent in
the clevat.or-angle data shown in figure 12 I.wcausc the curve
is faired to satisfy all of the test points and the scatter tcm]s

the feel device. ln addition, the device improved the stick-
frce stability at low speeds. This improvement. can be seen
in figure 14 which presents calculated stability for a trim
speed of 160 miles pcr hour. These data vmre derived from
figure ] 2 to show more clearly the eflect of the desice at low
speeds. The curve for the airplane without the feel device
or booster shows a re=iwrsal in slope of the stick-form curve
at speech below the trim speed. As shown’ by the curve for
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TSfM CHARACTEEUSTIOS

Static-lo@ tudkal-sta~tiity data are presented in figure 15

to show the effect of the mechanical trimming device. For
these runs the aerodynamic trim tab ranained fiwd in one
position, and the airpIane was trimmed at the three speeds,
170,220, and 270 miles per hour, by means of the mechanical
trimmer only. The tests were made with a constant force-
gradient setting, B, on the feel de-rice. The data are pre-
sented in the form of stick force divided by dynamic pressure
plot ted against normal-force coeflkient and eIevator angle
plot ted against normaI-force coefficient. ln tests of this
type the stick-fiwd stability should be expected to sho~
essentiality the same variation for each trirg speed. The
elevator-angIe curve presented in figure 15 shows that the
trim speed did not appreciably affect the stick-fixed stabihty.
The stick-force cur-res, however, would be expected to be
changed by a const ant force increment throughout the normal-
force-coefficient range for each trim speed as can be seen
from equation (4) in a foregoing section. The stick-force
rur-res presented in figure 15 show that a change in trim

2
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dots not, show k constant force increment; however, such
a trend is evident and the trimming device is stiLl effective
through the test, speed range. The indicated decrease in
trimming cffcwtiveness at. the lower speed could’ possibly be
accounted for by a slight change in center-of-gravity position
Ixwmse the data for the trim spce.d of 170 miks per hour
were not obtained during tlw same flight in which the data
for the other two trim speeds were obtained.

Thu pilot felt thtit the mechanical trimmer should provide
a higher rate of motion than that in tho present device lM-
causc in landings the trimmer did not reduce the forces
sufficiently fasL to be considered cnt ireIy satisfactory. As
meutioned previously, the ratm of trimming vi-as approxi-
mately M*of elevator motion pm second.

Ncwmal-force coefficisrl

[b] Vs,riatlon of stick form d!vlded by dynamic pressure with norrne.1-forwcomllclent.
Fm UEE l.S.-Concludti.
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MANEUVERING STABILITY

The ~ariat.ions of stick force and elevator angIc with
nornlaI acceleration (in g units) me prescnhxl in figure 16
for the airplane without the feel device or booster aml for
the tiirpknc with tlw tlmec force-gradient sctLings on the
fee] device. Thw,c data were obtainud in MLallt?UWl& in
which the piIotl made a pull-up to a. specified normaI tirccl-
erat.ion am] mainhiined that Wcdcration for se’w.md seconds

before returning. the uirplnnc to trimmed flight. PIIsll-
downs were also made in a similar manner. Data arc show
for” indicated airspeeds of 160, 200, and 250 miles pcr hour
in figures 16 (a), 16 (b), and 16 (c), respectively. ‘rho
figures show the expectul effect of the feel device 011 tlw
force gradients. ‘1’hc force-gradient rfingc considered satis-
factory for the test airplarw by the militaly smviccs is ,frolt~. .

“22X Lo%O pound~ per g bfiscd on a. litnit. 10W1factor of 3,
Inspection of the figures will show tlmt the force gradient
of the airplane without the feel device or booster was ap-
proximately 75 pounds per o at. 200 miles pcr hour; wherww,
at the siunc speed, settiug C on the. foeI dcvicc providwl a
gradient._ of about. 90 pounds per ~. Throughout tho tesl
speed range, setting C provided a force gradient which was
dighdy highur than that of th.c airplmw without the ferI
device or ~ooster. setting B supplied a force per g of tihoul.
70 pounds at zoo miles pw hour aml setting A providc(l a
force per g of about 30 pounds. ThL? pilots noted that scL-
ting A, the onIy setting that. suppliwl a form gradicn[ which
was cornplcte]y within th(’ prwioudy mentioned spccifwd
limits, provided the most. desimlde force pw g.

It shoukl be pointed out thtit serious errms can he intw
“duced in the expwted stick forms by cable strckh if thr
booster is connected to the stick, as in the prcwmt lcsts,
rather than to the rontrol surfwe. For example, from
.@rc :~.-fi) iL can be seen thtit. approxinuttdy 5° of olcva(or
angle are required to prod ucc u chango in normtd arcclww-
“tion of 1. g at 200 miles pm hour. Under these conditions,
howm:crj” nbout 1.5° o’f stick motion wns absor~cd in @lr , .
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stretch: therefore, a large stick deflection and more piIot
wwrtion were necessary. The effect. of this stretch on the
stick forces is more edy seen in figures 16 (b) and 16 (c)
than in 16 (a). The variation of elevator angle with normal
arreleration in both figures is linear; whereas the variation
of stick force with nornd acceleration is’ curved. The
effect of caMe stretch could be eliminated by locating the
hewster at the control surfam.

Reference 1, which presents the booster tests without the
mechanical feel device, shows that the airpIane with the
~JOOStWset at boost ratio 2.8 exhibited control forces which
\vere mostly within the sped-led range. The data for that
boost ratio have bwm taken from reference 1 and presented

in’ figure IT k comparison with setting ~ on the feeI device
[with boost ratio z4k It should be noted, however, that
the tests of referencw 1 were made with the center of gravity
hwated at about 25 ptvcent or the mean aerodynamic chord.
This comparison is shown in this report because the piIot
noted that the boost-rat io-?.fl condition and setting .i of the
fwl device were sind~r in the normal cruising speed range
@OOto 220 mph) but at low speeds (from 100 mph to std)

the boost ratio IS was superior to the feel device. The

Chanqe in n&rrat acceleratfq g u“te

IW Indlmted airspeed, 1~ mtles per hoar.

FIGI,RE16.– M0fM&r&m*kbntiekmti cnntrdfcxcs with - me++mtim.

A MECHANICAL FEEL DEVICE 929

&we shows that, in the speed range for which the pilot _
noted the s“miIarity, the MTerence in the -dues of stick
force per g for the two conditions is not suflicicmtIy large to
be noticeable by the pilot.. .\t the Iovi-peed end of the
curve, however, the boost-ratio-2.S condition approaches a – -
much lower value than the condition for sett~w & ~ smaII
difference at low airspeed is appreciated by the pilot espe-
ciaII~- during a Ianding since one hand may be needed to
adjust. the throttks or trim tabs and only one hand would be
free to fly the airplane.

BLE’VATOR OVEEBALKXCE

As was previously mentioned in this report, combinations
of feel device and booster are particularity useful when the
hinge-moment mmiations are undesirable. In addition, IM-
cause of the ext reme complicat ions and compromises involved
in an attempt. to obtain good hinge-moment characteristic
by aerodynamic balancing, even the most carefuIIy designed
control systems using aerodpamic balance may htive some
ufidesirabIe chmacteris.tics. For example, figure 18, in which
stick force and elevator angle for the test airplane are plotted
against normal acceleration, shows “that orerbaIance was
encountered with the original controI system of the test air-
pkme in the approach condition. The figure also shows a
●calculated force curve that would rwnd.j through use of the
test feeI device. The feel device would provide satisfactory -

-.

-L.

%2 -B -.4 0 .4 .8 12
Charqe in normal accderut’hn, g units

(b) Indkatedahwwd, 200mffesperhour.

w mmsmed In PUUUC6and pmhdowm. CImn mndftim, normal mted power. 1 FIWF.X 16.–Contimed.
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forces in this case because. the stick-f~ed stability issat.is-
factory, The figure shows that thestick-tie datability was
satisfactory throughout the run. It is reasonable, therefore.,
to conclude that, in this case, a feel device wouId remedy
the problem of elevator overbalance because satisfactory
forces supplied by a feel device depend wholly upon stable
stick-fixed characteristics.
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LANDINGS

In landings made with the conventional (+vator-coutrol
system, the large hinge moments result ing from large elevator
deflections are counteract-cd by an appreciable inmcasc in
the up-floating, tendency of the elevator at high angles of
attack. This eflc.ct prevents unconLrollnbly hwge forces in
landings. As previously mentioned, however, the tesL fec~
device had no provision to simulate the nmyative incrmsc
in ~har it high angles of attack. ReIat.ivrIy large stick forces,

therefore, could possibly be espwtccl in landings with tlw
feel device even though thu ftwl forces in normal ffight arc
satisfactory. Severtd hmdings were madr? with an(l withmlL
the feel ~cvice. Tinw histories of stick force, clcvntor angIr,,
normal acceIeraticm, pitching velocity, and airspce~ o~~~ill~’[1

during landings are preacnt.ed in figure 19 for tlw uirplanc
without the feel device or booster and !he threw forrc gra-
dients tipplicd Lsy the feel dcvicc.. The figure shows thti t.
approti”mat uly 90 pounds force was exerted I)y the pilot
during tlw landing made with thr uriginal control system.
Of course, the control forces experienced in !hc hmdings muilc
with the feel device were changed in nccordamw with W
,feeldevice setting. The highesL setting of tlw fed dcvicc,
which provided a force gradient m-en higlw Wm thal of
t.~e original control 9ystLm , requirccl about. 70 pounds of
pilot effort during the Ianding. In the landing mnde wilh

5“,4tELErI—W41A-FFFT
I

~1,6,
I 1 I I I I 1 I I I I I

-12. -,8 -.4 0 4“ .8
Uronge in normal accelemtion, g units

Fmurm IS.-vertetlon of stick forceand elevator anpk with normel scdemthm for the W.
plane without the feel deviee In the spprmch eondItIon sbowbrg Wxetor ovorldinm.
CslculaWd feeldevlee form shown for compnrlwm.
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the middle force-gradient setting, a force of about 60 pounds
was applied by the piIot; whereas the Iowest gradient setting
r~quired only 35 pounds force. During aII the landings the
pilot attempted to trim out the stick forces up to the flare.
The piIot commented that the electrical trim on the feel
device was more convenient to use than the aerod~mamic
trim tab. This fact probably accounts for the landing forces
for setting C being smaller than the landing forces for the
airplane without feet device or booster. ln addition! the
rontrol friction which existed during landings with the air-
plane was overcome by the feel device in combination viith
a booster so that smoother operation of the airplane resulted.

SUMMARY OF RESULTS

The flight investigation of a mechanical feel device in
combination with a booster incorporated in the elevator

23456 -7891011[2 13 [415
The, sec
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(h) Feel-devicesetthw A.
FIIIITEX 19.—ContlnLIed.
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control system of a huge airplane gave the following results:
1. The feeI device did not alter the stick-fixed charac-

teristics, but magnitudes of the stick forces were dependent
upon the feeIdevice setting because the aerodynamic hinge
moments were o~ercome by the booster. . .

2. The backlash, or the angle through which the controI.
stick could be moved before the feeI device came into action,
was approximately 1°. This backlash womd result in a
normaI-acceleration change of 0.06g at 200 miles per hour.
This magnitude of bachash was not considered objectionable
by the piIot. .-

3. Thq a.&peed-sens@ system of the test feeI device
exhibited excelIent speed-foIlowing characteristics. The
device would foIlow a change in airspeed of about 20 miles .
per hour per second. Such high speed-folIowing abiIity

_ -.—

--

-.



932 REPORT 1101—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

4. Tl~crigidity oftl~cft~t~l-tl(~vicemoullt.il~g sl~oulcl be given
considcrat.ion in LLICoriginal feel-device design,

5. The ckunping in the tmt feel device. was satisfactory.
In turns of the variation of hinge moment with rate of change
of c.ont.rol deflection, Lht! values of damping at 250 miles pm
hour vuried from about 0.00001 to 0.00002 dqxmding upon
thv setting of tk adjustable Ml crank,

G. The dcvicc improved the stick-free st.at.ic longitudin~l
st.fil~iIiLyby considerddy reducing a stick-force slope revcmal
which existed in the test airplane at low speeds in the clean,
normal rated-pmvor comlit.ion.

7. TIIO device did not. introduce any undesiraMc cont.rol-
frer oscillations.

8. The stick-force-per-o investigation confirmed Lhe exist-
it~ military specifications. The highest gradienL testd, 90
poum?s pm o at 200 milt’s per hour, was above Lhc Iirnit force
pvr g and was considrmd to be too heavy. The middle
gmdicnt, 60 pounds per q at. 200 mile9 pm hour, was not
completely within the specified limits ancl was also considered
hy Lho pilot-s to be Loo heavy. The. lowest gradient, 30
pounds per g at 200 miles per hour, was within the limits and
was considered to be satisfactory.

9. During lan{?ings, the camhinat ion of hooskr tmd feel
device afiordecl much smoother operation of Lhc airplane am-l,
in a(ldiJion, requirccl less piloL effort.

10. ”11~practice, if the booster b conncctcd to the controi
sm’fttce by cabks,. cable stretch shouhl ho arcounhd for in
the design’of the feel device.

11 .“ satisfactory st,ick-free stabi]iby with a fee] device of
tlie Lype tested depends upon sat isftict ory st.ick-fixed
staldity.

*

l~ANGLEY AERONAUTICAL LABOR.4TORY,

NATIONAL ADVISORY COMMITTEF: FOR AI: ItONAUTICS,

LANGLEY FIELD, J’A., June 99, 1961.
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